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1

SOI (SILICON ON INSULATOR) STRUCTURE
SEMICONDUCTOR DEVICE AND METHOD

OF MANUFACTURING THE SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a U.S. national stage application of
PCT/IP2008/002964 filed on Oct. 20, 2008 and 1s based on
and incorporates herein by reference Japanese Patent Appli-
cation No. 2007-273813 filed on Oct. 22, 2007 and No. 2008 -
261781 filed on Oct. 8, 2008.

TECHNICAL FIELD

The present mnvention relates to a SOI structure semicon-
ductor device formed by using a SOI substrate having a SOI
layer (active layer) disposed through a silicon oxide film on a
surface of a silicon substrate as a supporting substrate, and
relates to a method of manufacturing the same.

BACKGROUND ART

For example, Japanese Patent No. 3484961, Japanese
Patent Application Publication No. H2-260428, and Japanese
Patent No. 29081350 conventionally disclose techniques for
performing gettering of heavy metal impurities, due to a
substrate and a process, 1n a SOI substrate or a SOI structure
semiconductor device.

Japanese patent No. 3484961 discloses that a polycrystal-
line silicon thin film 1s used for gettering. Specifically, the
polycrystalline silicon thin film 1s formed on a surface of a
s1licon substrate that i1s used for a supporting substrate. Fur-
ther, an oxide film 1s formed on a surface of another silicon
substrate that 1s used for an active layer, and H 1ons are
implanted into the other substrate. Then, after the silicon
substrates are bonded together, the other substrate 1s removed
with respect to a portion where the H 1ons are implanted.
Thus, a SOI substrate having the polycrystalline silicon thin
f1lm located between the buried oxide film and the supporting
substrate 1s formed. In the SOI substrate having the polycrys-
talline silicon thin film, the polycrystalline silicon thin film 1s
used for gettering.

In Japanese Patent Application Publication No.
H2-260428, gettering of heavy metal impurities in an active
layer 1s performed by a polycrystalline silicon thin film that 1s
tformed between the active layer and a buried oxide film. In
Japanese Patent No. 2908150, a region where S1 or P 1ons are
implanted with 1x10'>/cm® or more is formed near a buried
oxide film 1n an active layer, and gettering of heavy metal
impurities 1n the active layer 1s performed by the region.

However, the method disclosed 1in Japanese patent No.
3484961 has no effect on heavy metal impurities, such as Fe
or N1, having a slow rate of diffusion into an oxide film,
because diffusion of impurities 1nto a supporting substrate 1s
blocked by a buried oxide film so that the impurities will be
trapped 1n the active layer.

Further, according to the methods disclosed in Japanese
Patent Application Publication No. H2-260428 and Japanese
Patent No. 2908150, the polycrystalline silicon thin film or
the S1 1on-1mplanted region 1s used for gettering. Therelore,
when a depletion layer 1n a PN junction 1n the active layer
extends to a gettering region, a leakage current may occur due
to crystal grain boundary of the polycrystalline silicon thin
f1lm or a defect induced by a lot of point defects resulting from
the S110n 1mplantation. If a region where P 10ns are implanted
with 1x10"/cm” or more is used, the depletion layer extends
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2

to a short distance because the ion-implanted region 1s of
n*-type. However, device characteristics may vary.

DISCLOSURE OF THE INVENTION

In view of the above, 1t 1s an object of the present invention
to provide a SOI structure semiconductor device for effec-
tively performing gettering, for reducing a leakage current,
and for preventing variations 1n device characteristics. It is an
object of the present invention to provide a method of manu-
facturing the SOI structure semiconductor device.

In order to achieve the above object, according to the
present 1nvention, a SOI structure semiconductor device
includes a SOI substrate having a silicon substrate ol monoc-
rystalline silicon, a first conductivity type active layer of
monocrystalline silicon, and a buried msulation layer
between the silicon substrate and the active layer. A second
conductivity type layer are located 1n a surface portion of the
active layer to form a PN junction with the active layer. A
silicon crystalline lattice of the active layer 1s distorted to
form a lattice distortion layer serving as a gettering site.

In this way, the SOI structure semiconductor device 1s
formed by using the SOI substrate, and the lattice distortion
layer 1s formed 1n the active layer. Thus, the lattice distortion
layer can eflectively serve as a gettering site.

For example, when a thickness of the active layer 1s defined
as X [um], and a thickness of the buried insulation layer 1s
defined as Y [um], a lower limit of an internal stress 1n the
lattice distortion layer can be determined to satisty the fol-
lowing expression:

Internal stress [MPa]=[-0.78X+22.8Y-18.5]

In such an approach, the lattice distortion layer can effec-
tively serve as a gettering site.

Preferably, when a thickness of the active layer 1s defined
as X [um], and a thickness of the buried insulation layer 1s
defined as Y [um], an upper limit of an internal stress in the
lattice distortion layer can be determined to satisty the fol-
lowing expression:

Internal stress [MPa]=[-0.78X+22.8Y-34.5|

In such an approach, a leakage current due to a defect
induced by stress can be prevented. The internal stress is
expressed as an absolute value, because tensile stress is
expressed as a negative (—) value of the internal stress, and
compressive stress 1s expressed as a positive (+) value of the
internal stress.

For example, when a thickness of the active layer 1s 5 um,
and a thickness of the buried insulation layer 1s 0.5 um, the
internal stress in the lattice distortion layer can be equal to or
greater than 11 MPa.

Further, when a thickness of the active layer1s 5 um, and a
thickness of the buried insulation layer 1s 0.5 um, the internal
stress 1n the lattice distortion layer can be equal to or less than
2’7 MPa.

When the lattice distortion layer 1s analyzed by a cathod-
oluminescence technique, a peak value of an emission mnten-
sity at a wavelength A of 1535 nm 1s defined as a D1 line peak
intensity, and the peak value of the emission intensity at the
wavelength A of 1130 nm 1s defined as a T0 line peak inten-
sity. In this case; 1t 1s preferable that a ratio of the D1 line peak
intensity to the TO line peak intensity should be equal to or
less than 1/3 . For example, the ratio of the D1 line peak
intensity to the T0 line peak intensity can be 1/3 by adjusting
the dose amount of Ar 10ons when the lattice distortion layer 1s
formed. In such an approach, stress occurring in the lattice
distortion layer 1s adjusted so that a leakage current can be
reduced.
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When the lattice distortion layer 1s analyzed by a cathod-
oluminescence technique, a peak value of an emission inten-
sity at a wavelength A 01 1279 nm 1s defined as a Geenter line

peak intensity, and the peak value of the emission intensity at
the wavelength A of 1130 nm 1s defined as a T0 line peak

intensity. In this case, a ratio of the Geenter line peak intensity
to the TO line peak intensity can be equal to or less than 5/7.
In such an approach, the leakage current can be reduced.

Further, an average diameter of a crystal defect in the lattice
distortion layer can be equal to or less than 15 nm. In such an
approach, occurrence of the leakage current can be prevented,
because it can be considered that dislocation does not occur
when the average diameter of the crystal defect 1s equal to or
less than 15 nm. Preferably, the average diameter of the crys-
tal defect in the lattice distortion layer should be greater than
0 nm and equal to or less than 15 nm.

Further, in a case where a second conductivity type well
layer 1s formed 1n a device-forming region of the active layer,
it 1s pretferable that an impurity diffusion region where boron
1s diffused 1s formed 1n a non-device forming region of the
active layer 1n addition to the lattice distortion layer. In such
an approach, gettering of metal impurities that are likely to be
segregated 1nto the boron diffusion region can be performed.
Therefore, even when the lattice distortion layer cannot per-
form gettering of all Fe impurities, the impurity diffusion
region can prevent Fe from being concentrated into the well
layer of p-type. Thus, the quality of the gate oxide film on the
well layer can be improved, and a junction leakage current
between the active layer and the well layer can be reduced.

In this case, if the well layer 1s of p-type, 1t 1s preferable that
a p-type impurity concentration of the impurity diffusion
region should be greater than that of the well layer. In such an
approach, the effect of gettering of metal impurities that are
likely to be segregated 1nto the boron diffusion region can be
improved. For example, 1t 1s preferable that a boron impurity
concentration of the impurity diffusion region should be
equal to or greater than 1x10'® cm™.

Further, a method of manufacturing the above SOI struc-
ture semiconductor device can include a step of performing a
sacrifice oxidation before forming a gate oxide film. In the
sacrifice oxidation, an oxide film 1s formed by thermal oxi-
dation and then removed by using a dilute HF. A byproduct
generated 1 production of a LOCOS oxidation film can be
removed by performing such a sacrifice oxidation. Further,
metal impurities, such as Fe, that are likely to be segregated
into an oxide layer can be removed before the gate oxide layer
1s formed. Therefore, a quality of the gate oxide film to be
formed thereaiter can be improved.

The symbol 1n parentheses of each means described above

corresponds to a specific means described 1n embodiments
described later.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objectives, features and advantages of
the present invention will become more apparent from the
tollowing detailed description made with check to the accom-
panying drawings. In the drawings:

FIG. 1 1s a cross-sectional view of a SOI structure semi-
conductor device according to a first embodiment of the
present invention;

FIGS. 2A-2F are cross-sectional views 1llustrating pro-
cesses of manufacturing a SOI substrate 100 used for the SOI
structure semiconductor device shown in FIG. 1;

FIGS. 3A-3E are cross-sectional views illustrating pro-
cesses of manufacturing the SOI structure semiconductor
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device shown 1n FIG. 1 by using the SOI substrate 100 manu-
factured by the processes shown in FIGS. 2A-2F;

FIG. 4 1s a graph illustrating a relationship between an
internal stress 1 a lattice distortion layer 4 and the dose
amount of implanted 1ons and a type of the implanted 10ns;

FIG. 5 1s a graph illustrating a relationship between the
internal stress and a guttering capability of the lattice distor-
tion layer 4;

FIG. 6 1s a graph 1llustrating a relationship a junction leak
current in the lattice distortion layer 4 and the internal stress;

FIG. 7 1s a graph 1llustrating a relationship between the
internal stress and a thickness (BOX thickness) of a buried
insulation layer 2 under a condition that a thickness (SOI
thickness) of an active layer 3 1s 5 um or 15 um;

FIG. 8A 1s a graph illustrating a relationship between the
dose amount of Ar ions and the leakage current in a PN
junction, and FIGS. 8B-8D are diagrams illustrating relation-
ships between the dose amount of Ar 1ons and the size of a
crystal defect in the lattice distortion layer 4;

FIGS. 9A-9E are diagrams illustrating a result of a cathod-
oluminescence analysis conducted to measure a relationship
between a wavelength A and an emission intensity by chang-
ing the dose amount of Ar 10ns;

FIG. 10 1s a cross-sectional view of a SOI structure semi-
conductor device according to a second embodiment of the
present invention;

FIG. 11 1s a cross-sectional view of a SOI structure semi-
conductor device according to a third embodiment of the
present invention; and

FIG. 12 1s a cross-sectional view of a SOI structure semi-
conductor device according to a fourth embodiment of the
present 1nvention.

PREFERRED EMBODIMENTS OF THE
INVENTION

An embodiment of the present invention 1s described below
with reference to the drawings. In the drawings, the same
symbols designate the same or corresponding portions.

(First Embodiment)

A first embodiment of the present invention 1s described.
FIG. 1 1s a cross-sectional view of a SOI structure semicon-
ductor device according to the present embodiment. The SOI
structure semiconductor device of the present embodiment 1s
described with reference to this figure.

A SOl substrate 100 1s formed as shown 1n FIG. 1. A buried
insulation layer 2 made of silicon dioxide film and having a
thickness of from 0.1 um to several um 1s formed on a monoc-
rystal silicon substrate 1 as a supporting substrate. A n-type
active layer 3 made of monocrystal silicon and having a
thickness of from 1 um to several um 1s formed on the buried
insulation layer 2. A lattice distortion layer 4 as a gettering site
1s formed 1n the active layer 3. The lattice distortion layer 4 1s
formed by lattice distortion 1n silicon of the active layer 3. The
lattice distortion layer 4 1s described 1n detail later.

A p-type well layer (impunity diffusion layer) 3 having a
different conductivity than the active layer 3 1s formed 1n a
surface portion of the active layer 3. The n-type active layer 3
and the p-type well layer 5 form a PN junction.

A trench 1solation structure 6 and a LOCOS oxide film 7
are located around the p-type well layer 3 to 1solate devices
from each other. An n™-type source region 8 and an n™-type
drain region 9 are formed 1n a surface portion of the 1solated
p-type well layer 5 1n such a manner that they are spaced from
cach other.

The surface portion of the p-type well layer S between the
n*-type source region 8 and the n™-type drain region 9 is
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defined as a channel region, and a gate oxide film 10 1s formed
on the channel region. A gate electrode 11 made of doped
poly-S1 1s formed on the gate oxide film 10. An nterlayer
insulation film 12 1s formed to cover the gate electrode 11 and
the gate oxide film 10. A contact hole 12a 1s formed to
penetrate the iterlayer msulation film 12 and the gate oxide
film 10. A wire 13 is connected to the n™-type source region 8
and the n™-type drain region 9 through the contact hole 124,
separately. A passivation film 14 1s formed to cover the wire

13 and the interlayer insulation film 12. In this way, in the SOI
structure semiconductor device, a MOSFFET 1s formed 1n the
SOI substrate 100 having PN junction.

Next, a method of making the SOI structure semiconductor
device according to the present embodiment 1s described.

FIGS. 2A-2F are cross-sectional views illustrating processes
of making the SOI substrate 100. FIGS. 3A-3E are cross-
sectional views 1llustrating processes of making the SOI
structure semiconductor device shown in FIG. 1 by using the
SOI substrate 100 made by the processes shown 1n FIG. 2.
Below, with reference to these figures, a method of making
the SOI structure semiconductor device 1s described, after a
method of making the SOI substrate 100 1s described.

Firstly, the method of making the SOI substrate 100 1s
described.

(Process Shown 1n FIG. 2A)

A monocrystal silicon substrate 20 for the active layer 3
where a device 1s formed 1s prepared. Examples of the silicon
substrate 20 can include a n-type CZ silicon substrate
(dopant: phosphorus) having a crystal plane orientation
<100> and having a resistivity of from 1 £2cm to 350 L2cm.

(Process Shown 1n FIG. 2B)

The lattice distortion layer 4 serving as a gettering site 1s
formed at a predetermined depth 1n the silicon substrate 20.
For example, a thermally oxidized film 21 1s formed on a
surface of the silicon substrate 20 by thermal oxidation, and
then 1on 1mplantation of Ar 10ns 1s performed by application
of a voltage of 200 keV or less (e.g., 100 keV). For example,
the amount of Ar 10ns to be implanted 1s equal to or greater
than 5x10'*/cm® and less than 3x10'*/cm* (e.g., 1x10'?
atoms/cm”).

Distortion occurs 1n silicon crystal lattice due to damage by
the Ar 1on 1implantation so that the lattice distortion layer 4 can
be formed. As shown 1in FIG. 4, the internal stress 1n the lattice
distortion layer 4 varies depending on the dose amount and
the type of an element for ion 1implantation. Therefore, the
internal stress can be adjusted within a suitable range. Spe-
cifically, an neutral element that 1s electrically nert in silicon
1s used for 10n 1implantation in order to avoid effect on char-
acteristics of a device formed in the active layer 3. For
example, besides Ar, any one of or a combination of the
tollowing elements can be used for 1on implantation: He, Ne,
Kr, Xe, C, O, S1. In summary, the lattice distortion layer 4 of
the present embodiment means a region where silicon crystal
lattice 1s distorted due to implantation of atoms, such as Ar
ions, that 1s electrically inert 1n silicon.

(Process Shown 1n FIG. 2C)

The thermally oxidized film 21 1s removed by etching by
soaking the silicon substrate 20 1n dilute hydrofluoric acid
solution.

(Process Shown 1n FIG. 2D)

A silicon substrate 1 made of monocrystal silicon and
having surface area equal to surface area of the silicon sub-
strate 20 1s prepared for a supporting substrate. An oxide film
22 having a thickness of from 0.1 um to 5.0 um, preferably,
from 0.5 um to 3.0 um 1s formed on a surface of the silicon
substrate 1 by thermal oxidation.
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(Process Shown 1n FIG. 2E)

The silicon substrate 20 with the lattice distortion layer 4
and the silicon substrate 1 with the oxide film 22 are cleaned
by a SC1 cleaning solution, and then the two substrates 1, 20
are placed one on top of another in such a manner that the
silicon surface on the lattice distortion layer 4 side and the
oxide film 22 can be 1n close contact with each other. Then,
the two substrates are thermally treated 1n oxXygen or nitrogen
atmosphere at a temperature of 900 to 1200° C. for 30 to 120
minutes so that the two substrates can be tightly joined
together through the silicon surface and the oxide film 22. In
this way, the oxide film 22 1s buried between the silicon

substrates 1, 20 so as to form the buried insulation layer 2.
(Process Shown 1n FIG. 2F)

The surface of the silicon substrate 20 with the lattice
distortion layer 4 1s polished and planarized so that the silicon
substrate 20 can have a thickness o1 0.5 to several tens of um,
preferably 5 to 20 um. Thus, the silicon substrate 20 1s formed
into the active layer 3. In this way, the SOI substrate 100 1s
completed. Then, the SOI structure semiconductor device 1s
made by using this SOI substrate 100. As described above,
according to the present embodiment, the oxide film 22 on the
s1licon substrate as a supporting substrate 1s formed 1nto the
buried 1nsulation layer 2. Alternatively, the thermally oxi-
dized film 21 on the silicon substrate 20, which 1s to be formed
into the active layer 3, can be formed into the buried insulation
layer 2. Alternatively, oxide films 22 can be formed on both
s1licon substrates 1, 20 and joined together to form the buried
insulation layer 2.

Next, the method of making the SOI structure semiconduc-
tor device 1s described with reference to FIGS. 3A-3FE.

(Process Shown 1n FIG. 3A)

A thermally oxidized film 31 having a thickness of about
40 nm 1s formed to cover a surface of the active layer 3, and a
photoresist 32 1s formed on the thermally oxidized film 31. In
a photolithography process, an opening i1s formed 1n the pho-
toresist 32 at a position corresponding to the p-type well layer
5. Then, for example, boron 1ons are selectively implanted
with a dose of 2x10"° cm™~ at an energy of 240 keV by using
the photoresist 32 as a mask.

(Process Shown 1n FIG. 3B)

After a remaining portion of the photoresist 32 1s removed,
a thermal treatment 1s performed 1n nitrogen atmosphere, for
example, at a temperature of 1150° C. for 90 minutes. Thus,
the implanted boron 10ns are diffused so that the p-type well
layer 5 can be formed. Although not shown 1n the drawings, 1f
a CMOS 1s formed 1n the SOI substrate 100, a n-type well
layer 1s formed 1n the same manner as the p-type well layer 5.
For example, after a photoresist (not shown) 1s formed, an
opening 1s formed 1n the photoresist at a position correspond-
ing to the n-type well layer in a photolithography process.
Then, for example, phosphorus 1ons are implanted with a dose
of 8x10'? ¢cm™= at an energy of 500 keV by using the photo-
resist as a mask. Then, after a remaining portion of the pho-
toresist 1s removed, a thermal treatment 1s performed 1n nitro-
gen atmosphere, for example, at a temperature of 1000° C. for
30 minutes. Thus, the phosphorus 1ons are diffused so that the
n-type well layer S can be formed.

(Process Shown 1n FIG. 3C)

A S1,N, film (not shown) having a thickness of about 150
to 200 nm 1s formed on the thermally oxidized film 31 by a
LP-CVD method. A photoresist (not shown) 1s formed on the
S1,N,, film. Then, in a photolithography process, an opening 1s
formed 1n the photoresist at a position corresponding to a
trench 1solation structure 6. Then, by using the photoresist,
the S1;N,, film and the thermally oxidized film 31 are selec-
tively removed by dry etching. In this way, the S1;N,, film and
the thermally oxidized film 31 are selectively removed so that
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the active layer 3 can be exposed in such a manner that
device-forming regions are 1solated from each other.

Then, a trench 64 1s formed by dry etching the active layer
3 using the S1,N,, film as amask. Then, as necessary, chemical
dry etching 1s performed to remove an etching-damaged layer
on a surface of the trench 6a. Then, a thermally-oxidized film
having a thickness of about 100 nm 1s formed on a side wall
and a bottom of the trench 6a. Then, a CVD film 1s formed to
{11l the trench so that the trench 1solation structure 6 can be
tformed. Examples of the CVD film can include a non-doped
polysilicon film, a P-doped polysilicon film, a B-doped poly-
silicon film, an oxide film, and a nitride film. Examples of
making the CVD film can include a LP-CVD, a plasma CVD,
and a normal pressure CVD.

Then, a LOCOS oxide film 7 1s formed by a so-called
LOCOS oxidation method. Specifically, after a photoresist 1s
formed, an opening 1s formed 1n the photoresist at a position
corresponding to the LOCOS oxide film 7 by a photolithog-
raphy process. Then, the S1;N,, film 1s selectively removed by
a dry etching using the photoresist as a mask, so that the
thermally-oxidized film can be exposed. Then, after a remain-
ing portion of the photoresist 1s removed, a thermal oxidation
1s pertormed by using the S1,N,, film as a mask in water vapor
atmosphere, for example, at a temperature o1 1000° C. for 400
to 500 minutes. In this way, the LOCOS oxide film 7 1s
formed.

Then, the S1;N,, film 1s removed by etching using phospho-
ric acid, and the thermally-oxidized film 1s removed by using
a dilute HF. Then, a thermal oxidation 1s performed 1n water
vapor atmosphere, for example, at a temperature of 850° C. to
form a gate oxide film 10 having a predetermined thickness.
In this case, a sacrifice oxidation can be performed before
forming the gate oxide film 10. In the sacrifice oxidation, for
example, a thermal oxidation 1s performed at a temperature of
1000° C. to form an oxide layer having a thickness of 40 nm,
and then the oxide layer 1s removed by using a dilute HF. A
byproduct generated in production of the LOCOS oxide film
7 can be removed, and metal impurities, such as Fe, that are
likely to be segregated into an oxide layer can be removed
before the gate oxide layer 1s formed. Therefore, a quality of
the gate oxide film 10 to be formed thereafter can be
improved.

(Process Shown 1n FIG. 3D)

After a doped poly-Si film 1s formed, a gate electrode 11 1s
formed by patterning the doped poly-Si1 film. Specifically,
alter a photoresist 1s formed on the doped poly-S1 film, the
photoresist 1s partially removed by a photolithography pro-
cess 1n such a manner that the photoresist can be left at a
position corresponding to the gate electrode. Then, a dry
ctching 1s performed by using the photoresist as a mask so that
the doped poly-S1 film can be selectively lett at a position. In
this way, the gate electrode 11 1s formed. Further, 10n implan-
tation of impurities of a different conductivity than the well 1s
performed by using the gate electrode 11 as a mask. Then, a
thermal treatment 1s performed 1n nitrogen atmosphere so that
a n*-type source region 8 and a n™-type drain region 9 can be

formed. In this way, a N channel MOSFET 1s formed.

Although not shown in the drawings, a P channel MOSFET
1s Tormed 1n the n-type well layer 1n the same manner.

(Process Shown 1n FIG. 3E)

After the interlayer insulation film 12 1s formed on the
entire substrate surface imncluding the gate electrode 11, the
contact hole 12q 1s formed 1n the interlayer insulation film 12
by a photolithography process. Then, a metal layer 1s formed
on the iterlayer insulation film 12 and patterned into the wire
13 that 1s electrically connected through the contact hole 12a
to the gate electrode 11, the n™-type source region 8, and the
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n*-typedrainregion 9. Then, the passivation film 14 is formed
so that the SOI structure semiconductor device can be com-
pleted.

Then, an evaluation of internal stress 1n the SOI structure
semiconductor device was conducted. Specifically, the semi-
conductor device was cleaved 1n a thickness direction, and
internal stress on a cleavage surface was evaluated by micro-
Raman spectroscopy.

Further, an evaluation of gettering capability of the semi-
conductor device was conducted as follows. Firstly, in the
process shown in FIG. 2F, the SOI substrate 100 with the
lattice distortion layer 4 was thermally treated 1n nitrogen
atmosphere at a temperature of 1150° C. for 350 minutes 1n
the same manner as the high temperature thermal treatment
performed in the device making process. Then, N1 was
applied to a surface of the active layer 3 with a concentration
of about 5x10"* atoms/cm” and diffused inside by performing
a thermal treatment 1n nitrogen atmosphere at a temperature
of 1000° C. for 1 hour.

Then, the oxide film on the surface of the active layer 3, the
active layer 3, and the buried 1nsulation layer (BOX (Buried
Oxide) layer) 2, and a supporting substrate surface layer
(within about 1 um from an interface with the buried insula-
tion layer 2) were gradually etched, and the distribution of the
concentration of N1 1n the thickness direction was measured
by measuring the concentration of N1 1n the solution by ICP-
MS. Specifically, each of the surface oxide layer and the
buried 1nsulation layer 2 was measured 1n one stage using a
HF solution, the active layer 3 was measured using a mixed
acid solution by dividing the active layer 3 1n five stages at
about 1 uminterval, and the supporting substrate surface layer
was measured 1n one stage using a mixed acid solution. Fur-
ther, the same evaluation, except that the thermal treatment in
nitrogen atmosphere at a temperature of 1130° C. for 350
minutes was performed before N1 was applied, was con-
ducted to observe the effect of the high temperature thermal
treatment, performed in the device making process, on the
gettering capability. As a result, there was no difference 1n the
gettering capability.

In addition, an evaluation of junction leakage current of the
semiconductor device was conducted as follows. The n-type
s1licon substrate 1 was grounded. A reverse voltage 1s applied
between the silicon substrate 20 and the p-type well layer 5 by
applying a negative voltage to the p-type well layer 5. The
leakage current was evaluated under a condition where a
voltage of the p-type well layer 5 1s minus 40 V so that a
depletion layer in the active layer 3 can surely extend to the
lattice distortion layer 4.

FIG. 5 1s a graph illustrating a relationship between the
gettering capability of the lattice distortion layer 4 and the
internal stress under a condition where the thickness of the
active layer 3 1s 5 um, and the thickness of the buried 1nsula-
tion layer 2 1s 0.5 um. In this figure, a longitudinal axis
represents a N1 capturing ratio that 1s defined as a ratio of the
total amount of N1 1impurities (the sum of the concentration of
N1 1n a region from the oxide film on the surface of the active
layer 3 to the surface layer of the silicon substrate 1 as a
supporting substrate) within with respect to the concentration
of N1 1n the lattice distortion layer 4 (a region within about 2
um from the surface of the active layer 3 on the buried 1nsu-
lation layer 2 side). It can be seen from this figure that a
suificient gettering capability can be obtained when tensile
stress 1s 11 MPa or more.

FIG. 6 1s a graph illustrating a relationship between the
junction leakage current 1n the lattice distortion layer 4 and
the internal stress under a condition where the thickness of the
active layer 3 1s 5 um, and the thickness of the buried 1nsula-
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tion layer 2 1s 0.5 um. It can be seen from this figure that the
leakage current occurs when tensile stress exceeds 27 MPa or
more. It can be considered that the leakage current 1s due to a
stress-induced detect that 1s induced by occurrence of large
tensile stress. Therefore, reducing the tensile stress to 27 MPa
or less can prevent the leakage current due to the stress-
induced defect.

It 1s noted that the graphs illustrated 1n FIGS. 5, 6 are based
on the conditions that the thickness of the active layer 3 1s 5
wm and that the thickness of the buried insulationlayer 215 0.5
um. Therefore, if these thicknesses are changed, the lower
limit of the tensile stress for the gettering capability and the
upper limit of the tensile stress effective for prevention of the
leakage current due to the stress-induced defect are changed.
FIG. 7 1s a graph illustrating a relationship between the inter-
nal stress and the thickness (BOX thickness) of the buried
insulation layer 2 under a condition that the thickness (SOI
thickness) of the active layer 3 1s 5 um or 15 um. A positive
value (+) of the imnternal stress represents compressive stress,
and a negative value (-) of the internal stress represents ten-
sile stress.

As can be seen from this figure, even when the thickness of
the active layer 3 1s kept constant, 11 the thickness of the buried
insulation layer 2 varies, internal stress acting between these
varies. Therefore, 1n order to reduce the leakage current and
allow the lattice distortion layer 4 to serve as a gettering site
even 11 the internal stress varies, there 1s a need to determine
the lower limit of the tensile stress for the lattice distortion
layer 4 by taking into consideration these internal stress.
From the examination result, it was confirmed that down-
ward-sloping graphs can be drawn, for example, when the
thickness of the buried insulation layer 21s 0.5 um and 1.3 um.
From the graphs, the internal stress can be defined by the
following first expression. In the first expression, X repre-
sents the thickness [um] of the active layer 3, and Y represents
the thickness [um] of the buried msulation layer 2.

Internal stress [MPa]=—0.78X+22.8Y-18.5 (First expression)

Therefore, the gettering capability can be surely obtained
by setting the lower limit of the tensile stress in the lattice
distortion layer 4 equal to or greater than the internal stress
defined by the above expression. That is, the gettering capa-

bility can be surely obtained by satisfying the following sec-
ond expression. The imternal stress 1s expressed as an absolute

value, because the tensile stress 1s represented as a negative
value (-) of the internal stress.

Tensile stress 1n the lattice distortion layer 4
[MPa]=[-0.78X+22.8Y-18.5] (Second expression)

The same holds true for the upper limit of the tensile stress
in the lattice distortion layer 4. That 1s, the leakage current can
be effectively prevented by satistying the following third
expression. It1s noted that the third expression is derived from
the second expression by taking into consideration a ditfer-
ence between the lower limit ol 11 MPa and the upper limit of
2’7 MPa when the thickness of the active layer 3 1s 5 um, and
the thickness of the buried insulation layer 2 1s 0.5 um.

Tensile stress 1n the lattice distortion layer 4
[MPa]|=1-0.78X+22.8Y-34.5| (Third expression)

Furthermore, a relationship between crystal defect and the
leakage current 1n a PN junction was studied as follows. The
s1ze o the crystal defect 1n the lattice distortion layer 4 was
adjusted by changing the dose amount of Ar 1ons, and a
relationship between the size of the crystal defect and the
leakage current in the PN junction was studied. FIGS. 8A-8D
are diagrams illustrating a result of the study. FIG. 8A 1s a
graph 1llustrating a relationship between the dose amount of
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Ar 1ons and the leakage current in the PN junction. FIGS.
8B-8D illustrate relationships between the dose amount of Ar
ions and the size of the crystal defect in the lattice distortion
layer 4.

As shown 1n FIG. 8 A, when the dose amount of Ar 10ns 1s
zero and 1x10™* cm™2, the leakage current in the PN junction
does not occur. However, when the dose amount of Ar 1ons 1s
3x10™* cm_, and 1x10" ¢cm™2, the leakage current in the PN
junction occurs. As shown in FIG. 8B, when the dose amount
is 1x10™* cm™>, the average diameter of the crystal defect is
about 5 nm. As shown 1n FIG. 8C, when the dose amount 1s
3x10'* cm™2, the average diameter of the crystal defect is
greater than 15 nm. As shown in FIG. 8D, when the dose
amount is 1x10'° ¢cm™2, the average diameter of the crystal
defect 1s greater than 15 nm. As shown 1n FIGS. 8C, 8D, when
the average diameter of the crystal defect exceeds 15 nm,
dislocation occurs.

Therefore, 1t can be considered that occurrence of the leak-
age current can be prevented when the diameter of the crystal
defect 1s less than a diameter causing dislocation, for
example, 15 nm.

Further, 1n order to study a detail relationship between the
dose amount of the implanted Ar 1ons and the crystal defect,
a relationship between a wavelength A and emission intensity
was measured by cathodoluminescence (CL) analysis while
changing the dose amount of Ar 1ons. This relationship 1s
shown in FIGS. 9A-9E.

FIGS. 9A-9E show the relationship observed when the
dose amount is 5x10'* cm™=, 3x10"° cm™=, 1x10'*cm™=, and
3x10'* cm™2, respectively. In the figures, a D1 line (A=1535
nm) corresponds to a wavelength at which emission occurs
due to dislocation, a T0 line corresponds to a wavelength
(A=1130nm) at which emission occurs due to a typical silicon
atom forming S1—=S1 bonds, and a Gceenter line corresponds
to a wavelength (A=1279 nm) at which emission occurs due
an unbonded silicon atom 1n a silicon lattice.

As can be seen from FIGS. 9A-9E, when the dose amount
of Ar 10ns 1s small, the emission intensity (hereinafter called
the “D1 line peak intensity) at the D1 line 1s small and does
not peak. However, when the dose amount of Ar 1ons 1s
increased to 3x10"* cm™>, the D1 line peak intensity becomes
large. This means that dislocation occurred as a result of the
increase 1n the dose amount of Ar 1ons. In other words, 1t can
be considered that when the D1 line peak intensity 1s smaller
than a given value, dislocation will hardly occur. Therefore,
the dose amount of the Ar 10ns needs to be adjusted to satisiy
this.

However, since the emission intensity varies depending on
measuring conditions, whether or not the D1 line peak inten-
sity will affect the leakage current cannot be determined by
just taking into consideration the D1 line peak intensity.
Therefore, a ratio of the D1 line peak intensity to the emission
intensity (heremnafter called the “T0 line peak intensity) at the
T0 line 1s calculated so that the D1 line peak value can be a
relative value. In such an approach, it was confirmed that
when this ratio 1s equal to or less than 1/3, the effect of
dislocation 1s small enough to reduce the leakage current.
Therefore, the leakage current can be reduced by adjusting
the dose amount of Ar 1ons 1n such a manner that this ratio 1s
equal to or less than 1/3.

It 1s noted that the leakage current occurs due to not only
dislocation but also an unbonded silicon atom in a silicon
lattice. As described above, the Geenter line corresponds to
the wavelength at which emission occurs due an unbonded
s1licon atom 1n a silicon lattice. Therefore, the leakage current
can be more reduced by adjusting the emission intensity
(heremaftter called the “Gceenter line peak intensity) at the
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Gcenter line 1n such a manner that the Gceenter line peak
intensity 1s smaller than a given value.

However, since the Gceenter line peak intensity varies
depending on measuring conditions, whether or not the
Gceenter line peak intensity will affect the leakage current
cannot be determined by just taking into consideration the
Gceenter line peak intensity. Therefore, a ratio of the Gceenter
line peak 1ntensity to the T0 line peak intensity 1s calculated
so that the Gceenter line peak intensity can be a relative value.
In such an approach, 1t was confirmed that when this ratio 1s
equal to or less than 5/7, the effect of dislocation 1s small
enough to reduce the leakage current. Therefore, the leakage
current can be reduced by adjusting the dose amount of Ar
ions in such a manner that this ratio 1s equal to or less than 5/7.

For reference, a junction leakage current in the SOI struc-
ture semiconductor device was measured when a depletion
layer at a PN junction reached the lattice distortion layer 4
serving as a gettering site. As a result, 1t was confirmed that
the leakage current is smaller than 1x10™° A/mm~ and some-
times smaller than 3x10™° A/mm”.

As described above, according to the embodiment, the
lattice distortion layer 4 1s formed by implanting Ar 10ns into
a silicon substrate that 1s formed into the active layer 3. In
such an approach, the lattice distortion layer 4 can serve as a
gettering site. Further, the dose amount of Ar 10ns 1s adjusted
so that tensile stress at the lattice distortion layer 4 can be
equal to or greater than 11 MPa and equal to or less than 27
Mpa. Therefore, the leakage current can be reduced while
allowing the lattice distortion layer 4 to serve as a gettering
site.

The crystal defect 1n the lattice distortion layer 4 1s sized
not to cause dislocation. For example, the dose amount of Ar
ions can be adjusted so that the average diameter of the crystal
defect can be 15 nm or less. Further, the dose amount of Ar
ions can be adjusted by using cathodoluminescence method
so that the ratio of the D1 line peak intensity to the T0 line
peak intensity 1s 1/3 or less, more preferably, the ratio of the
D1 line peak intensity to the Gceenter line peak intensity 1s 5/7
or less.

(Second Embodiment)

A second embodiment of the present invention 1s
described. A difference between the first and second embodi-
ments 1s 1 that an 1mpurity diffusion region 1s formed in
addition to the p-type well layer 5.

FIG. 10 1s a cross-sectional view of a SOI structure semi-
conductor device according to the present embodiment. As
shown 1n this figure, an impurity diflusion region 40 1s formed
in a non device-forming region around the device-forming
region. Like the p-type well layer 5, p-type impurities are
implanted and diffused in the impurity diffusion region 40.
Specifically, boron 1s used as p-type impurities to from the
impurity diffusion region 40.

The impurity diffusion region 40 1n the non device-forming,
region can perform gettering of metal impurities, such as Fe,
that are likely to be segregated 1nto the boron diffusion region.
Therefore, even when the lattice distortion layer 4 cannot
perform gettering of all Fe impurities, the impurity diffusion
region 40 can prevent Fe from being concentrated into the
p-type well layer 5. Thus, the quality of the gate oxide film 10
on the p-type well layer 5 can be improved, and the junction
leakage can be reduced.

The impurity diffusion region 40 can be formed by per-
forming ion implantation and thermal diffusion of boron as
p-type 1impurities after patterning a photoresist in a typical
photolithography process. A manufacturing process can be
simplified by forming the impurity diffusion region 40 at the
same time as the p-type well layer 5. In this case, when the
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photoresist 1s patterned in the process shown 1n FIG. 3A, an
opening 1s formed 1n the photoresist at a position correspond-
ing to the impurity diffusion region 40. Then, 10n 1mplanta-
tion of boron 1s performed by using the photoresist as a mask
so that bottom 1ons can be implanted 1nto not only the position
corresponding to the impurity diffusion region 40 but also the
position corresponding to p-type well layer 5. Then, thermal
treatment 1s performed, for example, 1n nitrogen atmosphere
at a temperature o1 1150° C. for 90 minutes so that the boron
ions can be diffused. In this way, the impurity diffusion region
40 can be formed at the same time as the p-type well layer 5.

Alternatively, the p-type well layer 5 and the impurity
diffusion region 40 can be formed in different processes. In
this case, the dose amount of boron can be adjusted in such a
manner that an impurity concentration of the impurity diffu-
s1on region 40 can be greater than an impurity concentration
of the p-type well layer 5. For example, the dose amount of
boron can be adjusted so that the impurity concentration of
boron in the impurity diffusion region can be 1x10"® cm™ or
more. In such an approach, the effect of gettering of metal
impurities that are likely to be segregated into the boron
diffusion region can be improved.

(Third Embodiment)

A third embodiment of the, present invention 1s described.
A difference between the first and third embodiments 1s 1n
that the p-type well layer 5 1s removed.

FIG. 11 1s a cross-sectional view of a SOI structure semi-
conductor device according to the present embodiment. As
shown 1n this figure, the active layer 3 1s made of p-type
monocrystalline silicon. The n™-type source region 8 and the
n*-type drain region 9 are directly formed in the active layer
3. In such a structure, the active layer 3 forms a PN junction

with the n™-type source region 8 and the n™-type drain region
9. Thus, a MOSFET with a PN junction 1s formed 1n the SOI

structure semiconductor device.

Even i this structure, the same advantage as the first
embodiment can be obtained by forming the lattice distortion
layer 4 serving as a gettering site.

(Fourth Embodiment)

A fourth embodiment of the present invention 1s described.
A difference between the first and fourth embodiments 1s in
that the p-type well layer 5 1s removed and the active layer 3
1s thinned to provide a thin SOI structure.

FIG. 12 1s a cross-sectional view of a SOI structure semi-
conductor device according to the present embodiment. As
shown 1n this figure, the active layer 3 1s made of p-type
monocrystalline silicon. The trench 1solation structure 6 pro-
vides 1solation of each device. The n*-type source region 8
and the n™-type drain region 9 are directly formed in the active
layer 3. In such a structure, the active layer 3 forms a PN
junction with the n™-type source region 8 and the n*-type
drainregion 9. Thus, a MOSFET with a PN junction 1s formed
in the SOI structure semiconductor device.

Further, an electric field relieving layer 8a 1s located closer
to a channel region than the n*-type source region 8 and in
contact with the n™-type source region 8, and an electric field
relieving layer 9a 1s located closer to the channel region than
the n™-type drain region 9 and in contact with the n*-type
drain region 9. A side wall of the gate electrode 11 1s covered
with a side wall 15 that 1s made of an 1nsulation film such as
an oxide film. Silicide films 85, 95, and 11a 1solated by the
side wall 15 are formed on surfaces of the n™-type source
region 8, the n™-type drain region 9, and the gate electrode 11,
so that a salicide structure can be formed. The n™-type source
region 8 and the n*-type drain region 9 are electrically con-
nected to each wire 13 via the silicide films 85, 95. The gate
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clectrode 11 1s electrically connected to a wire, which 1s not
shown 1n the figure, via the silicide film 11a.

Even 1n this structure, the same advantage as the first
embodiment can be obtained by forming the lattice distortion
layer 4 serving as a gettering site. 5

(Other Embodiments)

According to the above-described embodiments, the
manufacturing processes shown i FIGS. 2A-2F are
described as an example of the manufacturing method of the
SOl substrate 100. Alternatively, the SOI substrate 100 can be 10
manufactured by any conventional method (for example, a
method disclosed 1n JP-2000-332021A).

According to the above-described embodiments, a semi-
conductor device having a MOSFET 1s described as an
example of the SOI structure semiconductor device with the 15
p-type well layer 5. Alternatively, the SOI structure semicon-
ductor device can have a device other than a MOSFET. For
example, the SOI structure semiconductor device can have a
bipolar transistor.

According to the above-described embodiments, the bur- 20
ied 1sulation layer 2 1s formed with the thermally oxidized
film 22. Alternatively, the buried insulation layer 2 can be
tormed with a film other than the thermally oxidized film 22.
For example, the buried msulation layer 2 can be formed with
a CVD film, a nitride film, or an ONO film. 25

According to the above-described embodiments, a n-type
1s defined as a first conductivity type, and a p-type 1s defined
as a second conductivity type. Alternatively, a n-type can be
defined as a second conductivity type, and a p-type can be
defined as a first conductivity type. 30

According to the above-described embodiments, tensile
stress 1s described as an example of internal stress occurring
in the lattice distortion layer 4. The same holds true for when
the internal force occurring in the lattice distortion layer 4 1s
compressive stress. The above-described expressions and the 35
upper and lower limits of the internal stress can be applied to
when the internal stress 1s compressive stress.

The mvention claimed 1s:

1. A SOI structure semiconductor device comprising:

a SOI substrate including a silicon substrate of monocrys- 40
talline silicon, a first conductivity type active layer of
monocrystalline silicon, and a buried insulation layer
between the silicon substrate and the active layer; and

a second conductivity type layer located 1n a surface por-
tion of the active layer to form a PN junction with the 45
active layer, wherein

a silicon crystalline lattice of the active layer 1s distorted to
form a lattice distortion layer serving as a gettering site.

2. The SOI structure semiconductor device according to

claim 1, wherein 50

a thickness of the active layer 1s defined as X [um)],

a thickness of the buried insulation layer 1s defined as Y
um], and

an 1nternal stress in the lattice distortion layer satisfies the
followings: 55

Internal stress [MPa]=1-0.78X +22.8Y -18.5].

3. The SOI structure semiconductor device according to
claim 1, wherein

a thickness of the active layer 1s defined as X [um)],

a thickness of the buried msulation layer 1s defined as Y 60
um], and

an 1nternal stress 1n the lattice distortion layer satisfies the
followings:

the internal stress [MPa]=|-0.78X +22.8Y -34.5I.

4. The SOI structure semiconductor device according to 65
claim 1, wherein
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a thickness of the active layer 1s 5 um.,
a thickness of the buried insulation layer 1s 0.5 um, and
an mternal stress 1n the lattice distortion layer 1s equal to or
greater than 11MPa.
5. The SOI structure semiconductor device according to
claim 1 4, wherein
a thickness of the active layer 1s 5 um,
a thickness of the buried insulation layer 1s 0.5 um, and
an iternal stress 1n the lattice distortion layer 1s equal to or
less than 27MPa.
6. The SOI structure semiconductor device according to
claim 1, wherein
when the lattice distortion layer 1s analyzed by a cathod-
oluminescence technique, a peak value of an emission
intensity at a wavelength A of 1535 nm 1s defined as a D1
line peak intensity, and the peak value of the emission
intensity at the wavelength A of 1130 nm 1s defined as a
T0 line peak 1ntensity, and
a ratio of the D1 line peak intensity to the T0 line peak
intensity 1s equal to or less than 1/3.
7. The SOI structure semiconductor device according to
claim 1, wherein
when the lattice distortion layer 1s analyzed by a cathod-
oluminescence technique, a peak value of an emission
intensity at a wavelength A of 1279 nm 1s defined as a
Gceenter line peak intensity, and the peak value of the
emission intensity at the wavelength A of 1130 nm 1s
defined as a T0 line peak intensity, and
a ratio of the Gcenter line peak intensity to the T0 line peak
intensity 1s equal to or less than 5/7.
8. The SOI structure semiconductor device according to
claim 1, wherein
an average diameter of a crystal defect 1n the lattice distor-
tion layer 1s equal to or less than 15 nm.
9. The SOI structure semiconductor device according to
claim 1, wherein
an average diameter of a crystal defect 1n the lattice distor-
tion layer 1s greater than O nm and equal to or less than 15
nm.
10. The SOI structure semiconductor device according to
claim 1, wherein
a second conductivity type well layer 1s located in an ele-
ment forming region of the active layer, and
an 1mpurity diffusion region where boron 1s diffused 1s
located 1n a non-element forming region of the active
layer 1 addition to the lattice distortion layer.
11. The SOI structure semiconductor device according to
claim 10, wherein
when the well layer 1s of p-type, a p-type impurity concen-
tration of the impunity diffusion region 1s greater than
that of the well layer.
12. The SOI structure semiconductor device according to
claim 10, wherein
a boron 1impurity concentration of the impurity diffusion
region is equal to or greater than 1x10"*cm™".
13. A method of manufacturing the SOI structure semicon-
ductor device according to claim 1, the method comprising:
forming a gate oxide film on a surface of the active layer;
performing a sacrifice oxidation before forming the gate
oxide film, wherein
performing the sacrifice oxidation includes forming an
oxide film by thermal oxidation and removing the oxide
{ilm formed by the thermal oxidation using a dilute HF.
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